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Summary for Policymakers
U
nder the Paris Agreement's 'well below 2 °C' climate target, countries have committed to work towards development paths that, over time, become carbon neutral. Of the key emitting sectors, carbon dioxide (CO 2 ) emissions from transportation are the most challenging to reduce cost-effectively. According to the International Energy Agency (IEA) Reference Technology Scenario, CO 2 emissions in this sector could reach 14 billion tonnes by 2050. Storage-focused CO 2 -EOR can help to costeffectively reduce the carbon footprint of oil use in the transport sector and support other decarbonization options. The life cycle of greenhouse gas (GHG) emissions associated with a barrel of oil range from around 400 to 900 kilograms (kg) CO 2 equivalent (eq), and depend on a wide range of factors. CO 2 -EOR can effectively lower the carbon intensity of oil production across the value chain. While wider concerns persist about the petroleum industry using CO 2 -EOR to extend fossil fuel use, oil and gas will continue to be major contributors to energy supply for decades to come. It is essential, therefore, to reduce the carbon intensity of petroleum supply in order to benefit the climate.
Currently, EOR projects use about 80 million tonnes of CO 2 per year, almost all of which becomes permanently trapped in oil reservoirs. Of this number, about 20 million tonnes are captured from a variety of activities such as natural gas processing, ethanol and fertilizer production, and -notably -power generation and steelmaking. While virtually all of these activities take place in the U.S., the potential for CO 2 -EOR storage outside North America is significant and currently estimated to correspond to an economic storage potential in the order of 40 gigatonnes of CO 2 .
Conventional CO 2 -EOR operations use about 300 kg of CO 2 per incremental barrel of produced oil. These projects look to optimize their return on investment rather than maximize CO 2 storage. However, CO 2 -EOR can be configured to co-exploit hydrocarbon production and storage. The amount of CO 2 that can be stored via 'advanced' CO 2 -EOR practices will be determined by reservoir characteristics, wells and infrastructure design and operating choices and by economic variables. These include the oil and CO 2 prices the operator can obtain from hydrocarbon production and for CO 2 storage. Additionally, the availability of CO 2 is a critical barrier for large-scale EOR deployment and plays a key role in determining how much CO 2 is stored during the EOR process.
The value proposition for CO 2 -EOR may be different in different countries. While the emission reduction objective may be driving CO 2 -EOR deployment in some countries, in other countries the selling point for CO 2 -EOR could be to free up natural gas that would otherwise be reinjected, job creation, or the effective use of domestic hydrocarbon resources. Regulatory requirements, technological capabilities and the supply-price relationship between oil and carbon dioxide also influence the decision to invest in EOR. Policy interventions that improve the positioning of storage-focused EOR within oil and gas investment portfolios are necessary. Pricing carbon dioxide emissions would provide an important stimulus for CO 2 -EOR and would encourage investment in developing new alternative technologies with lower emission profiles or costs. Other options for incentivizing CO 2 storage include investment tax credits, storage credits, tax exemptions on dedicated bonds, master limited partnerships, environmental performance standards, fuel carbon intensity limits and fuel economy standards. Policy instruments such as the EU's fuel directive and the low carbon fuel standard in California have encouraged the increased use of alternative fuels and ensured compliance with declining carbon intensity obligations. The Carbon Offsetting and Reduction Scheme (CORSIA), about to be implemented by the International Civil Aviation Organization, will provide a market mechanism to offset emissions growth from international air transport. CO 2 -EOR schemes might be eligible for CORSIA as a compliance mechanism.
Background to the Workshop C O 2 has been used to recover additional oil from mature reservoirs for decades in the U.S., but the international adoption of CO 2 -EOR as a storage option has been minimal. The CO 2 -EOR process was initially developed in the 1960s as a means to increase oil recovery. To date, the financial reward that comes from oil production has motivated its implementation. The idea that CO 2 -EOR could deliver a material environmental benefit -particularly through CO 2 storage -and be rewarded for that benefit is relatively recent. For example, a desire to reduce CO 2 emissions from point sources could create an incentive to capture CO 2 for disposal in geologic formations, such as oil reservoirs and deep saline formations.
While some work has quantified the potential for CO 2 -EOR to store CO 2 and increase oil recovery, there has been much less work that has examined the technical approaches to enhance its emissions reduction benefit. A recent IEA Insights Paper analyses the global CO 2 storage potential from EOR and its economics. It concludes that, in certain circumstances, the technology could deliver costeffective emissions reductions at scale and play a material role in the transition towards decarbonizing economies. Given the unique promise of CO 2 -EOR, there is a need for further work to explore the means to enhance the climate benefit of CO 2 -EOR and better assess the benefits and constraints of CO 2 -EOR on regional scales. Communication between experts from academia and industry with different perspectives is essential for this.
This workshop helped advance research on key issues affecting the development and deployment of CO 2 -EOR technologies. Participants discussed the following topics relating to CO 2 -EOR:
The current status of storage.
Technology and economics.
Environmental performance.
Policy frameworks.
Storage -Current Status C
O 2 -EOR operations use mature technologies and leverage extensive reservoir engineering capabilities of oil and gas companies. The existing U.S. industry could utilize significantly higher volumes of CO 2 if they were available at affordable prices. Elsewhere, CO 2 is often not available in the volumes demanded by EOR projects. CO 2 -EOR operations can securely store CO 2 for centuries. Monitoring, measuring and verification by recognized international standards (e.g., IPCC, ISO) is essential to demonstrate the long-term integrity of storage.
Given that CO 2 utilization rates within EOR fields diminish over time, any contractual requirements for a steady off-take of CO 2 imply that a portfolio of projects -potentially both EOR and saline aquifer storage -needs to be developed to utilize contracted supply capacities effectively. This requirement highlights the importance of pipeline infrastructure to connect multiple sources with a portfolio of EOR projects, as exists in the U.S. today. Given that CO 2 capture represents the largest cost element of a carbon capture and storage (CCS) value chain, it is sensible to start with the CO 2 sources that are cheapest to capture. These include concentrated CO 2 waste streams from hydrogen and ethanol plants, ammonia and urea operations, and natural gas processing, rather than large but low CO 2 concentration emissions sources such as power plants. These concentrated sources currently contribute the bulk of captured CO 2 -approximately 20 million tonnes of CO 2 per year -to the CO 2 supply market in the U.S.
Storage capacity exists both on-and off-shore. However, off-shore storage faces much higher costs, given the smaller number of feasible injection wells and the need for sub-sea separation of oil and CO 2 .
Technology and Economics T he effectiveness of CO 2 floods is critically dependent on reservoir miscibility, CO 2 sweep efficiency and the purity of the CO 2 gas used. Various additives and injection techniques can improve the rate of oil recovery from a reservoir and the quantity of CO 2 stored. While the capacity of a given reservoir is fixed by its available pore space, displacing water from the reservoir can increase CO 2 storage volume. Effectively managing produced displaced water can add a significant cost and cause environmental issues for the CO 2 -EOR operators if not dealt with adequately and cost-effectively.
While concerns were raised about the integrity of existing infrastructure once CO 2 flooding commences, due to the presence of CO 2 and water, current operators do not have the same degree of concern over pipeline and equipment corrosion and are confident in their ability to manage it.
Because pipeline networks transport large volumes of CO 2 and are currently (and will likely remain) regional, CO 2 prices will vary from system to system. The range and proximity of large emitting industries constrain the volumes of supplied CO 2 , their incentive for market participation, and the availability of transportation infrastructure. Markets with a diversity of sources and sinks are more likely to result in efficient and competitive price formation. Fiscal incentives to mitigate carbon influence actual volumes and rates of CO 2 utilized. The availability of large volumes of low-cost saline storage will constrain CO 2 prices.
In emissions trading schemes, the benefits of reducing CO 2 emissions typically accrue to the emitter, usually the company that captures the CO 2 . Where CCS is considered an offset generating activity, credits are, likewise, typically awarded to the entity capturing the CO 2 . From the standpoint of CO 2 storage, midstream pipeline and EOR operators simply provide commercial services along the CCS value chain. Storage companies also provide monitoring, measuring and verification in line with regulatory requirements. While less frequently discussed, the employment, energy security, and macroeconomic benefits (e.g., tax and trade balance) of CO 2 -EOR are important factors to consider.
Environmental Performance T he life cycle of greenhouse gas (GHG) emissions associated with a barrel of oil range from around 400 to 900 kg CO 2 eq, and depend on a wide range of factors. These include oil quality, upstream energy consumption, associated natural gas, venting and flaring practices, fugitive emissions, refinery energy demands and distance to market. Opportunities to lower the carbon intensity of oil production exist across the value chain with varying degrees of cost-effectiveness and mitigation potential. While other mitigation options can lower the carbon intensity of oil produced, CO 2 -EOR can effectively lower that intensity beyond the plant boundary and through to combustion by end users.
Determining the environmental gain from CO 2 -EOR rests on the GHG accounting for each project, utilizing life cycle assessment methodologies to validate the quantity of CO 2 emissions that are permanently avoided. The baseline for comparison and boundaries for project accounting are important parameters. Mitigation performance depends on the carbon footprint of the oil produced and that which it displaces, as well as the carbon footprint of the captured CO 2 supply. To avoid 'double counting' when estimating the carbon intensity of produced oil, the emissions reduction benefits across the entire lifecycle -from CO 2 supply to final fuel use -must be appropriately allocated between oil and other products from the system (e.g., electricity, ethanol, fertilizer).
A number of comments were made regarding the public's lack of understanding, or mistrust, of geological CO 2 storage to reduce emissions. This mistrust relates to wider concerns about advanced CO 2 -EOR being used by the petroleum industry to unduly extend fossil fuel use. While these are legitimate concerns, oil and gas will continue to be major contributors to energy supply for decades to come in reference scenarios (e.g., IEA New Policy Scenario) and future energy scenarios consistent with the Paris Accord (e.g., IEA Sustainable Development Scenario). Measures taken today to reduce the carbon intensity of petroleum supply will be beneficial to the climate. This narrative needs to be shaped in language that the intended audience understands. It needs to focus on the societal benefits that advanced CO 2 -EOR practices could offer and needs to emphasize both the near-term economic and long-term climate rationales.
Policy Frameworks
T he issue of supportive public policy emerged as a point of discussion in each session of the workshop. Greater fiscal and regulatory incentives are needed to begin scaling advanced CO 2 storage through EOR around the globe. A viable and large-scale CO 2 -EOR industry depends upon significant capital investments for CO 2 capture and transportation infrastructure. Policy consistency and predictability, combined with targeted subsidies, will help to achieve this goal. Such support will substantially reduce the risks associated with CO 2 pipeline infrastructure development, and allow developers to leverage the economies of scale associated with operating oversized trunk pipelines that would otherwise be unaffordable for individual suppliers or end users of CO 2 .
Participants noted that pricing carbon dioxide emissions would provide an important stimulus for CO 2 -EOR. The key advantage of pricing emissions is that it provides an ongoing financial incentive for producers and consumers to take cost-effective action to lower emissions. It would also stimulate broader investment in developing alternative technologies that have lower emission profiles or costs. While approximately one-third of global carbon emissions now face some form of carbon pricing, most prices are well below the level required to drive CCS technology or change the behavior in the marketplace (World Bank 2017). Participants also noted that the politics of pricing carbon is often challenging. Participants discussed several other options for incentivizing CO 2 storage, including investment tax credits, storage credits, tax exemptions on dedicated bonds, master limited partnerships, environmental performance standards, fuel carbon intensity limits, and fuel economy standards.
Delegates discussed policy instruments focused on the GHG intensity of fuels, including the EU's fuel quality directive and the low carbon fuel standard in California. To date, the increased use of alternative fuels under these frameworks, such as ethanol, biodiesel, natural gas, electricity and other lowercarbon fuels, rather than investments in advanced CO 2 -EOR, has ensured compliance with declining carbon intensity obligations. In principle, the increased use of oil produced from CO 2 -EOR could be a compliance mechanism, though the rules of such fuel intensity-based systems may need to be developed to make this a reality.
An additional policy instrument to incentivize decarbonization of transport fuels is the Carbon Offsetting and Reduction Scheme (CORSIA), about to be implemented by the International Civil Aviation Organization. CORSIA will become operative in 2021 on a voluntary basis and will provide a market mechanism to offset emissions growth from international air transport. Details of the offset schemes eligible for CORSIA are evolving and could include advanced CO 2 -EOR as a compliance mechanism. 
About the Project
Pathways to Low Carbon Oil is a project that examines the global challenges and opportunities for oil in a carbon constrained world. Mindful of Saudi Arabia's competitiveness in this emerging market, we analyze the existing carbon intensity of upstream operations and the opportunities to reduce that intensity through management strategies and technology, as well as its economic impacts. Understanding the market and player behaviors will provide insights to policy options along with the legal, regulatory and commercial issues that must be addressed. Given Saudi Arabia's place within the wider global economic system, this project has implications for policymakers outside of the Kingdom.
